Introduction {#s1}
============

Arbuscular mycorrhizal fungi (AMF) can significantly influence the composition of grassland communities as well as ecosystem processes such as the uptake of nutrients by plants and the competitive relationships between plants in these communities \[[@B1]-[@B3]\]. At the individual level, root colonization by AMF results primarily in increased plant growth due to the improved acquisition of nutrients, especially phosphorus, by the plant \[[@B4],[@B5]\]. The mutualistic relationship between AMF and plants usually occurs in soils with limited nutrient availability \[[@B5]\].

Although the effects of AMF on individual plant growth can be tested relatively easily in greenhouse experiments, the effects of AMF at the community level are much more difficult to test and depend on the specific species composition of the community, soil conditions and many other biotic and abiotic factors \[[@B6]\]. The effect of AMF on species diversity in natural plant communities can range from positive \[[@B1]\] over neutral \[[@B7]\] to negative \[[@B3]\]. The modification of arbuscular mycorrhizal symbioses can have significant consequences for the competitive relationships between different plant species. These relationships represent an important factor driving the diversity and composition of plant communities \[[@B8]-[@B11]\]. Hartnett and Wilson \[[@B12]\] have hypothesized that the direction in which mycorrhizal symbiosis will influence plant species diversity in the community depends on whether the dominant competitors are significantly more or less mycotrophic than their neighbors. If the dominant species are more mycotrophic, the presence of AMF tends to decrease species diversity by increasing the competitive ability of the dominant species \[[@B12],[@B13]\], whereas the opposite occurs if the dominant species are less mycotrophic \[[@B14]\].

The most efficient way to test the effect of AMF on plant growth and diversity in field experiments is the suppression of AMF development in the soil using fungicides \[[@B15]\], with the fungicide benomyl the most prominent among the fungicides previously used for this purpose. Although the use of benomyl has certain limitations because it can change soil properties, e.g., nutrient concentration or pH, it has only limited side effects on plants and non-target organisms, e.g., \[[@B16],[@B17]\]. To date many studies have been published on the effects of the suppression of AMF with fungicides on the plant species composition of a wide range of plant communities under the field conditions. Most of the studies have been performed in prairies dominated by C4 tallgrass species \[[@B3],[@B12],[@B18]-[@B20]\], but several studies have also been conducted in woodland and shrubland communities \[[@B13],[@B21]\], subarctic forest community \[[@B22]\], temperate forest understory \[[@B23]\], lowland heaths \[[@B24]\], weed communities \[[@B25]\], boreal grassland \[[@B26]\], wet grassland \[[@B7]\], a serpentine site with annuals \[[@B27]\] and a calcareous thin-layered rendzina soil polluted with emissions of a phosphate fertilizer factory \[[@B28]\]. There is, however, only one study, conducted by Karanika et al. \[[@B15]\] in Greece, exploring the effect of suppression of AMF with fungicide on species diversity and composition in a nutrient-poor grassland dominated by less mycotrophic plant species.

The lack of studies in nutrient-poor dry grasslands is surprising, as plants under these nutrient-poor dry conditions tend more to depend upon AMF than plants in habitats that are more nutrient rich and wetter \[[@B5],[@B23]\]. In addition, dry grasslands contain many rare species, and the protection of such habitats is a major task in species conservation \[[@B29]\].

In this study, we present the results of a 3-year study in which a species-rich dry grassland community was treated with the fungicide carbendazim to suppress AMF development in the soil. We expected the fungicide to reduce AMF effectively \[[@B30]\]. Obligate mycotrophs may be less competitive if AMF are suppressed \[[@B26],[@B31]\] and AMF associations may be important for seedling establishment \[[@B1],[@B32]\]. We therefore hypothesized that the reduction of AMF would suppress the growth of highly mycorrhiza-dependent plant species and enhance the growth of less mycorrhiza-dependent dominants, thus causing plant species richness to decrease over time. To test this hypothesis, we compared the following variables in plots with and without fungicide application: the plant species composition; the number of plant species; the cover of the rare, highly mycorrhiza-dependent species *Aster amellus*; the cover of the dominant, less mycorrhiza-dependent grass *Brachypodium pinnatum*; the cover of graminoids; and the cover of perennial forbs. In addition, we examined the mycorrhizal inoculation potential in the soil, the nutrient concentration in the biomass of *B. pinnatum* and the soil chemical composition in the last year of the experiment.

Materials and Methods {#s2}
=====================

Study area {#s2.1}
----------

Our study area is a species-rich calcareous dry grassland near Roudnice nad Labem (northern Bohemia, 50°30\'2.627\"N, 14°18\'57.45\"E), Czech Republic. Based on our previous studies, this site was selected to represent a typical locality of the region \[[@B33]\]. The grassland is situated on marl \[[@B34]\], and its vegetation belongs to the Bromion community \[[@B35],[@B36]\]. No specific permits were required for the fieldwork described.

Many localities in the region were managed in the past, and the distribution of plant species at the localities is strongly affected by past land use \[[@B33]\]. In addition, the diversity of the plant communities in the dry grasslands in the study is limited by the dispersal ability of the species and the overall availability of the species in the landscape \[[@B37]-[@B40]\].

Fungicide application experiment {#s2.2}
--------------------------------

Twenty plots (1 x 1 m) were placed in a 30 x 10 m area on the dry grassland site. The plots were arranged in 10 blocks. Each block consisted of one plot with fungicide application and one control plot without fungicide application. The distance between the 2 plots within a block was 1 m. The blocks were organized in 2 parallel transects along the longer dimension of the study area. AM symbiosis was suppressed with the fungicide carbendazim (Karben Flo Stefes, Bayer CropScience, Frankfurt/Main, Germany). This fungicide contains the same active ingredient as the formerly used fungicide benomyl, which is not manufactured since 2001 \[[@B41]\]. Benomyl has been the fungicide utilized most widely to manipulate AMF communities in field experiments, although it is not specific to AMF and can also influence certain non-target organisms, such as the bacterial community, e.g., \[[@B12],[@B13],[@B16],[@B21]\]. Benomyl (methyl-1-(butyl-carbamoyl)-2-benzimidazole) is enzymatically hydrolyzed to the active compound carbendazim (methyl 2-benzimidazolecarbamate, MBC) within a few hours after addition \[[@B42]\] and to 1-butyl isocyanate (BIC) \[[@B43],[@B44]\]. A total of 100 ml of the fungicide carbendazim (Karben Flo Stefes) was diluted in 3 liters of distilled water and applied to the experimental plot in each block every 4 weeks throughout the growing season in 3 consecutive years (June to September in 2007 and March to September in 2008 and 2009). The control plot in each block obtained the same amount of water as the experimental plots.

Plant species composition was estimated using the new Braun-Blanquet cover scale \[[@B45]\] in an 0.5 x 0.5 m square in the middle of each plot. The rest of the plot was considered as a transitional area. Plant species composition was always recorded during the same period of the vegetation season (June 2007-2009). In further analyses we focused on different components of the plant community: the cover of the mycorrhiza-dependent species *A. amellus* (hexaploid cytotype) and the cover of the dominant, less mycorrhiza-dependent species *B. pinnatum* (whose mycorrhiza growth response in the target soil is one order of magnitude lower than that of *A. amellus*; A. Voříšková et al., unpublished data). Both of these species were present in all studied plots at the beginning of the experiment. In the study area, *Aster amellus* is represented by 2 cytotypes (diploid and hexaploid, \[[@B46]\]). Although the diploid cytotype used in most of our previous studies were proved to be highly mycorrhiza dependent \[[@B47],[@B48]\], the study site hosts a population of the hexaploid cytotype. Sudová et al. \[[@B49]\] demonstrated, in a greenhouse experiment, that the hexaploid cytotype may be less responsive to AMF than the diploid cytotype. The response of the hexaploid *A. amellus* cytotype to AMF under natural conditions is, however, unknown. The initial data on plant species composition were pre-treatment, i.e., recorded before the fungicide was applied for the first time in June 2007.

The mycorrhizal inoculation potential of the soil (MIP; the potential of AMF propagules present in the soil to establish mycorrhizal colonization in roots of the host plant) in each plot was estimated before fungicide application in June 2007 and then twice during the experiment in June 2008 and 2009. To estimate MIP, we used a standard bioassay approach with maize (a universal AMF host) as a host plant \[[@B50]\]. In June of each year, we carefully removed 10 x 10 x 10 cm cube of soil from the transitional area at the very edge of each experimental plot. Accordingly, the vegetation was not disturbed in an 0.5 x 0.5 m square in the middle of each plot, where the plant species composition was recorded. The soil from each cube was homogenized and diluted with γ-sterilized soil taken from the studied locality in a ratio of 1:100 (v:v). The prepared substrates were used to fill into 125 ml pots. One pre-germinated maize seed (*Zea mays* L. cv. TATO) was planted in each pot. Six replicates were used for each sample. The plants were placed in a temperature-controlled greenhouse for 6 weeks. At harvest, the roots were washed and stained with 0.05 % trypan blue in lactoglycerol \[[@B51]\]. MIP was estimated as the percentage of the root length of the host plant colonized by AMF. Colonization was assessed using a gridline-intersect method on 200 intersects per sample \[[@B52]\] under a dissecting microscope at 40× magnification. As the MIP results from 2008 and 2009 were very similar, we will present only the MIP data from 2009. Prior to fungicide application in 2007, the MIP values were extremely low, ranging to zero. For this reason, the MIP was not evaluated in 2007. These low values were most likely result of an unknown technical problem. However, we do not expect significant differences in the initial MIP between plots with and without fungicide treatment because there were no statistically significant differences in MIP among control plots without fungicide application at the end of the experiment in 2009 (F~9,50~ = 1.55; P = 0.29), indicating a low level of spatial variation in MIP over the site.

Furthermore, samples of the aboveground biomass of *B. pinnatum* were taken from all plots in June 2009. *B. pinnatum* is a dominant species at the locality, and the analysis of the phosphorus concentration in its biomass provides information on the effects of fungicide on phosphorus uptake by the plants. The samples were dried in an oven at 80 °C, the dried leaves were homogenized in a grinding mill and the phosphorus concentration was analyzed using the method of Ehrenberger and Gorbach \[[@B53]\]. Our aim was also to analyze the phosphorus concentration in *A. amellus*, but the amount of biomass available was insufficient for this analysis.

The samples collected for MIP in June 2009 were also used for soil chemical analyses. We analyzed the pH using deionized water and a 0.1 M solution of KCl as the extraction agents. Total N and C, organic C and carbonate content and the concentrations of extractable Ca^2+^, Mg^2+^, K^+^ and available P were evaluated using the methods described in Pánková et al. \[[@B47]\].

### Data analyses {#s2.2.1}

We used a redundancy analysis (RDA) to test the effects of fungicide application, year and their interaction on plant species composition in the studied plots. Plots were used as whole plots, and records from 3 years within each plot were used as split plots. To test the effect of the fungicide, whole plots were freely permuted within blocks, whereas split plots were not permuted. Time was used as a covariate in this test. To test the effect of year -- whole plots were not permuted, while split-plots were permuted along a linear transect within whole plots. Fungicide was used as a covariate in this test. To test the fungicide × time interaction, whole plots were freely permuted, whereas split plots were permuted along a linear transect within whole plots. Both time and fungicide application were used as covariates in this test. The cover values were transferred to percentage data (mid-value of each cover class interval) and square-root transformed as recommended by Lepš and Šmilauer \[[@B54]\]. We only used data on species that were recorded at least 4 times in the vegetation data during the experiment. Multivariate analyses were performed using Canoco for Windows 4.5 \[[@B55]\].

To test the effects of fungicide application, year and their interaction on number of plant species within plots, we used a Generalized Linear Model (GLM) with a Poisson distribution. To test the effects of fungicide application, year and their interaction on the cover of rare *A. amellus* and on the cover of dominant *B. pinnatum*, the summed cover of all graminoids and all perennial forbs, we used a factorial ANOVA. In both the GLM and the factorial ANOVA, block was used as a covariate.

To assess the effect of graminoids on species richness, we used a linear regression to test the relationship between the change in the cover of graminoids and the change in species richness in plots with and without fungicide application.

Differences in MIP between plots with and without fungicide application at the end of the experiment were tested with a factorial ANOVA where block was used as the covariate and the percentage of the root length of the host plant colonized by AMF (square-root transformed to obtain a normal distribution) as the dependent variable.

To compare the differences in phosphorus concentration in the aboveground biomass of *B. pinnatum*, the pH~H20~ and pH~KCl~ and the concentrations of Mg, Ca, K, P, and N, C~tot~, C~(C03)2-~ and C~ox~ in the soil at the end of the experiment, we used a non-parametric Kruskal-Wallis test with fungicide application as an independent variable. The results for pH~KCl~ were very similar to those for pH~H20~. For this reason, we will only present the results for pH~H20~.

Significant differences in the soil properties between plots with and without fungicide could indicate that the effect of fungicide may be not due to the suppression of AMF but to changes in soil chemistry. If we found significant differences in chemical properties between plots with and without fungicide application, we repeated the tests of the effect of fungicide on plant species composition, the number of plant species, the cover of *A. amellus*, the cover of *B. pinnatum*, the cover of graminoids and the cover of perennial forbs with the given chemical property as a covariate. Because data on soil chemistry were only collected during the last year of the experiment, we also tested the effect of fungicide on the dependent variables without any covariate and compared the results. The effect of the significant soil property on all the dependent variables with fungicide as a covariate and without any covariate was tested as well. The effect on plant species composition was tested using an RDA; the effect on the number of plant species was tested using a GLM with a Poisson distribution; and the cover of *A. amellus*, *B. pinnatum*, graminoids and perennial forbs was tested using a factorial ANOVA. Block was used as a covariate in these analyses to remove the effect of the variability among blocks.

Results {#s3}
=======

We found that fungicide application, year and their interaction all had significant effect on the plant species composition of the plots. The year explained the lowest proportion of the total variation in the data and the interaction of fungicide and year explained the highest proportion ([Table 1](#pone-0080535-t001){ref-type="table"}). Only a few species showed a positive response to fungicide application - *Carex flacca*, *Bromus erectus* and *Brachypodium pinnatum*. A negative response was observed for most species. The species with the strongest statistically significant negative response were *Aster amellus*, *Potentilla heptaphylla*, *Euphorbia cyparissias*, *Knautia arvensis* and *Linum catharticum* ([Figure 1](#pone-0080535-g001){ref-type="fig"}).

10.1371/journal.pone.0080535.t001

###### Effects of block, fungicide, year and interaction of fungicide and year on plant species composition, number of plant species, cover of *Aster amellus, Brachypodium pinnatum*, graminoids and perennial forbs.

                     Resid. df   Plant species composition      Number of plant species      Cover of *A. amellus*      Cover of *B. pinnatum*      Cover of graminoids      Cover of perennial forbs                                                                                                                                   
  ------------------ ----------- ------------------------------ ---------------------------- -------------------------- --------------------------- ------------------------ ----------------------------- ---------- --------- ----------- ---------- ---------- ----------- ---------- ---------- ------------- ---------- ---------- -------------
  Block              50          **5.9**                        **3.6**                      **0.036**                  0.11                        2.3                      0.028                         **0.25**   **2.3**   **0.026**   **0.26**   **2.5**    **0.022**   **0.18**   **2.6**    **0.016**     **0.21**   **3.2**    **0.004**
  Fungicide          49          **8.5**                        **5.2**                      **0.008**                  **0.25**                    **48.1**                 **\<0.001**                   **0.05**   **4.0**   **0.046**   **0.12**   **10.0**   **0.003**   **0.27**   **35.0**   **\<0.001**   **0.19**   **26.3**   **0.003**
  Year               48          **3.5**                        **2.1**                      **0.002**                  **0.11**                    **21.0**                 **\<0.001**                   *0.10*     *8.2*     *0.095*     0.00       0.0        0.841       0.01       1.5        0.230         **0.14**   **18.9**   **\<0.001**
  Fungicide × year   47          **6.4**                        **3.8**                      **0.002**                  **0.29**                    **55.3**                 **\<0.001**                   *0.06*     *5.2*     *0.061*     *0.05*     *3.9*      *0.053*     **0.18**   **3.4**    **\<0.001**   **0.11**   **14.3**   **\<0.001**

Significant values (P ≤ 0.05) are in bold. Marginally significant values (P ≤ 0.1) are in italics. Plant species composition was tested using a multivariate redundancy analysis, number of plant species using a GLM with a Poisson distribution and cover of *A. amellus*, *B. pinnatum*, graminoids and perennial forbs using a factorial ANOVA.

![Species most positively and negatively affected by fungicide application.\
Graph shows change in the absolute cover of particular species after 3 years of fungicide application, averaged over 10 plots. Asterisks indicate significant (P ≤ 0.05) differences in species cover in the last year of the experiment between plots with and without fungicide application tested with a factorial ANOVA with block used as a covariate.](pone.0080535.g001){#pone-0080535-g001}

An overall negative response to fungicide application also resulted in a significant decrease in the number of species in the plots where fungicide was applied ([Table 1](#pone-0080535-t001){ref-type="table"}). At the beginning of the experiment, an average of 14 species was recorded in each plot. In the last year of the experiment, we recorded, on average, only 7 species in the plots with fungicide application and 14 species in the control plots ([Figure 2](#pone-0080535-g002){ref-type="fig"}).

![Number of plant species in plots with fungicide application and in control plots.\
The graph shows means and standard errors (n = 10). Columns marked by the same letter are not significantly different (P \> 0.05). Tests were performed using a GLM with a Poisson distribution, with block as a covariate.](pone.0080535.g002){#pone-0080535-g002}

The cover of *A. amellus* significantly decreased with fungicide application ([Table 1](#pone-0080535-t001){ref-type="table"}). Before fungicide application, the mean cover of *A. amellus* was 12 %. At the end of the experiment, the mean cover was 3 % in the plots with fungicide application and 10 % in the control plots ([Figure 3A](#pone-0080535-g003){ref-type="fig"}). The cover of dominant *B. pinnatum* significantly increased with fungicide application; the cover in the fungicide-treated plots was almost twice the cover in the control plots at the end of the experiment ([Table 1](#pone-0080535-t001){ref-type="table"}, [Figure 3B](#pone-0080535-g003){ref-type="fig"}). The fungicide application also strongly affected the increase in the summed cover of all graminoids ([Figure 3C](#pone-0080535-g003){ref-type="fig"}), and the effect was even stronger than the effect on *B. pinnatum*. In contrast, the perennial forbs were strongly suppressed by the fungicide application, as was *A. amellus* ([Figure 3D](#pone-0080535-g003){ref-type="fig"}).

![Effect of fungicide treatment on plant growth.\
Comparison of cover of *Aster amellus* (A), cover of *Brachypodium pinnatum* (B), cover of graminoids (C) and cover of perennial forbs (D) in plots with fungicide application and in control plots during the 3 years of the experiment. The graph shows means and standard errors (n = 10). Columns marked by the same letter are not significantly different (P \> 0.05) in a factorial ANOVA. Data from 2007 were collected before fungicide application.](pone.0080535.g003){#pone-0080535-g003}

In plots with and without fungicide application, there was also a negative relationship between the change in graminoid cover and the change in species richness (F~1,18~ = 19.51; P \< 0.001; [Figure 4](#pone-0080535-g004){ref-type="fig"}).

![Effect of cover of graminoids on species richness.\
Significant negative correlation between change in cover of graminoids and change in species richness in plots with and without 3 years of fungicide application (F~1,18~ = 19.51; P \< 0.001; linear regression).](pone.0080535.g004){#pone-0080535-g004}

The MIP in the soil sampled in the control plots was twice as high as the MIP in the fungicide-treated plots (9.5 % and 4.1 % of the root length of the host plant colonized by AMF, respectively; F~1,118~ = 23.48; P \< 0.001), confirming the successful suppression of AM fungi by fungicide in the experiment.

*B. pinnatum* showed a higher phosphorus concentration in aboveground biomass in the control plots than in the plots where fungicide was applied (746 and 450 mg/kg, respectively; χ^2^ ~1~ = 10.14; P = 0.002).

The analysis of the soil chemical properties in plots with and without fungicide application showed significant differences only in pH~H20~ (χ^2^ ~1~ = 14.35; P \< 0.001), with higher values of pH in the control plots ([Table 2](#pone-0080535-t002){ref-type="table"}). Despite significant differences in pH~H20~ between the plots with and without fungicide application, the differences in pH~H20~ did not have a significant effect on the plant species composition, number of plant species, cover of *A. amellus*, cover of *B. pinnatum*, cover of graminoids or cover of perennial forbs if fungicide application was used as the covariate ([Table 3](#pone-0080535-t003){ref-type="table"}). However, if we used pH~H20~ as the covariate, the effect of fungicide application on the plant species composition, number of plant species, cover of *A. amellus*, cover of *B. pinnatum*, cover of graminoids and cover of perennial forbs in 2009 still explained a substantial amount of variability in the data ([Table 3](#pone-0080535-t003){ref-type="table"}). There were no significant differences in the concentrations of Mg, Ca, K, P, N, C~tot~, C~(C03)2-~ or C~ox~ between the plots with and without fungicide application ([Table 2](#pone-0080535-t002){ref-type="table"}).

10.1371/journal.pone.0080535.t002

###### Chemical characteristics of the soils in the last year of the experiment.

  Fungicide application   pH~(H2O)~   pH~(KCl)~   N      C~tot~   C~(C03)2-~    C~ox~      Ca      Mg     K      P
  ----------------------- ----------- ----------- ------ -------- ------------- ------- -- ------- ------ ------ ------
                                                  (%)             (mg kg^-1^)                                    
  No                      8.1         7.6         0.2    4.6      2.1           2.5        16633   119    149    4.0
  Yes                     7.7         7.5         0.2    4.7      2.1           2.6        17172   111    134    5.1
  Significance            \*\*\*      \*\*        n.s.   n.s.     n.s.          n.s.       n.s.    n.s.   n.s.   n.s.

Mean values are shown (n=10). Tests were performed using a Kruskal-Wallis test with fungicide application as an independent variable. \*\*\*P ≤ 0.001, \*\*P ≤ 0.01, n.s. P \> 0.05.

For Ca, Mg, K and P, available concentrations are given.

10.1371/journal.pone.0080535.t003

###### Effects of fungicide application without and with pH as a covariate and effect of pH without and with fungicide as a covariate on plant species composition, number of species, cover of *Aster amellus*, cover of *Brachypodium pinnatum*, cover of graminoids and cover of perennial herbs in the last year of the experiment.

  Effect of   Covariate   Resid. df   Plant species composition   Number of plant species   Cover of *A. amellus*      Cover of *B. pinnatum*      Cover of graminoids      Cover of perennial forbs                                                                                
  ----------- ----------- ----------- --------------------------- ------------------------- -------------------------- --------------------------- ------------------------ -------------------------- ------ ----- ------ ------ ----- ------ ------ ------ -------- ------ ------ ------
  Fungicide   \-          9           26.7                        6.6                       \*\*                       0.77                        90.2                     \*\*\*                     0.29   5.6   \*     0.29   9.9   \*     0.67   32.6   \*\*\*   0.50   18.2   \*\*
  Fungicide   pH          8           13.8                        2.7                       \*                         0.11                        11.1                     \*                         0.29   6.6   \*     0.18   5.0   \+     0.27   15.9   \*\*     0.11   3.5    \+
  pH          \-          9           17.4                        3.8                       \*                         0.66                        33.7                     \*\*\*                     0.13   2.8   n.s.   0.15   4.3   \+     0.45   9.8    \*       0.40   10.1   \*
  pH          Fungicide   8           2.9                         0.5                       n.s.                       0.00                        0.0                      n.s.                       0.12   1.9   n.s.   0.04   1.2   n.s.   0.05   2.8    n.s.     0.00   0.1    n.s.

Plant species composition was tested using a multivariate redundancy analysis, number of plant species using a GLM with a Poisson distribution and cover of *A. amellus*, *B. pinnatum*, graminoids and perennial forbs using a factorial ANOVA.\*\*\*P ≤ 0.001, \*\*P ≤ 0.01, \*P ≤ 0.05, n.s. p \> 0.05.

Discussion {#s4}
==========

The suppression of AMF using the fungicide carbendazim in the studied dry grassland resulted in substantial changes in plant species composition. Furthermore, there was also a significant decrease in species richness, the cover of the highly mycorrhiza-dependent species *A. amellus* and perennial forbs in the plots where the fungicide was applied. In contrast, we recorded a substantial increase in the cover of the dominant species *B. pinnatum* and graminoids in fungicide-treated plots.

The decrease in species richness in the fungicide-treated plots is in agreement with the theoretical expectations of Hartnett and Wilson \[[@B12]\] as well as with previously published studies \[[@B1],[@B15],[@B26]\]. However, the decrease in species richness reported in this study (a 50 % reduction) is much higher than that found in these previous studies. Gange et al. \[[@B1]\] reported a 25 % reduction in species richness after 3 years. Dhillion and Gardsjord \[[@B26]\] did not record any net fungicide effect on species richness, but they found a 34 % reduction in interaction with grazing after 4 years. Karanika et al. \[[@B15]\] recorded a 21 % reduction in species richness after 2 years of fungicide application. We assume that the decrease in species richness is primarily due to the suppression of mycorrhizal-dependent rare perennial forbs and the expansion of competitively stronger graminoids.

The reason for the stronger effect of fungicide application on AMF in our study might related to the stronger effect of fungicide described for dry habitats \[[@B7]\] or to the absence of dense ground cover, as dense ground cover obstructs the penetration of the soil by the fungicide \[[@B56]\] .

The greater decrease in species richness in this study than in other studies may also be related to the characteristics of the study site. Our locality is extremely nutrient-poor and dry. For this reason, the plants are much more dependent upon mycorrhizae than they are at other localities. For example, the concentration of available phosphorus in the similar study by Karanika et al. \[[@B15]\] was 3 - 11 mg/kg. In the study of Dhillion and Gardsjord \[[@B26]\], it was even greater, 26 - 67 mg/kg, much greater than the concentration of available phosphorus at our study site (3 - 5 mg/kg). A relationship between lower species richness in fungicide-treated plots and low phosphorus concentration in the studied soils was also proposed by Karanika et al. \[[@B15]\]. These authors stated that despite the general decline of phosphorus concentrations in the species of the fungicide-treated plots, the negative growth effects were observed only in the perennial forbs that had generally higher phosphorus concentrations in their biomass in comparison to graminoids and have therefore greater phosphorus requirements. Thus, the negative effects of fungicide application on phosphorus uptake could decrease the competitive ability of the highly phosphorus-demanding perennial forbs against the graminoids and consequently restrict their growth. This effect may be especially strong in our system, as the soil at the study site is extremely phosphorus poor. As AMF can act as a support systems for seedling establishment \[[@B57],[@B58]\], another explanation for lower species richness in the fungicide-treated plots is that the fungicide reduced the support for seedlings normally furnished by the AMF. This explanation could also be valid in our system, as the clonally growing graminoids are less dependent on generative reproduction than the perennial forbs.

The species that notably increased their cover in the fungicide-treated plots were the sedge *Carex flacca* and the 2 C3 grasses *Bromus erectus* and *B. pinnatum*. Sedges are well known for their low mycotrophy, e.g., \[[@B59],[@B60]\], and C3 grasses are usually also less mycorrhiza-dependent than most perennial forbs \[[@B14],[@B31]\].

An increased cover of *B. pinnatum* was recorded even though we also found a significantly lower phosphorus concentration in its aboveground biomass in the fungicide-treated plots. In addition, in a study from the same locality (H. Pánková et al., unpublished data), we found that *B. pinnatum* shows 80-90 % root colonization by AMF in the field. Accordingly, it is probable that phosphorus is supplied via mycorrhizal pathway. Nevertheless, it can be expected that *B. pinnatum*, like other C3 grasses, is less mycorrhiza-dependent than the perennial forbs and will, for this reason, most likely increase its dominant position after fungicide application. In the case of *B. pinnatum*, this ability to increase may be related to its superior ability to acquire and store nutrients \[[@B61]\]. The lower concentration of phosphorus in its biomass suggests that *B. pinnatum* is better able to manage acquired phosphorus than the perennial forbs and is thus able to grow efficiently even with a low phosphorus supply. An alternative explanation for the lower phosphorus content in the aboveground biomass of *B. pinnatum* in fungicide-treated plots is the higher dilution of phosphorus in the increased amount of biomass of *B. pinnatum* that appeared when it overdominated small mycorrhiza-dependent species. Although the increase of *B. pinnatum* was not extremely great, as the significant difference between the fungicide-treated and non-treated plots was partly caused by a decrease in the cover of *B. pinnatum* in control plots, the increase in the summed cover of all graminoids was highly significant in the fungicide-treated plots.

The 3 species supported by fungicide application are among the most common species at the study site. *B. pinnatum* is the primary dominant species, and all of the dominant species are graminoids. Accordingly, as predicted by Hartnett and Wilson \[[@B12]\], the fungicide application at the study site produced a significant decrease in species richness. The increased dominance of the previously dominant species further decreased the abundance of the other plant species at the locality \[[@B14]\].

Indeed, among the species most strongly suppressed in the fungicide-treated plots were weak competitors, such as the annual herb *Linum catharticum*, or perennial forbs, such as *A. amellus*, *Potentilla heptaphylla*, *Euphorbia cyparissias* and *Knautia arvensis*. Most of these species were previously characterized as strongly mycorrhiza dependent \[[@B47],[@B48],[@B62]-[@B64]\]. In *A. amellus*, Sudová et al. (2010) suggested that the hexaploid cytotype present at the study locality was much less mycorrhiza dependent than the diploid cytotype previously studied. The results of this study, however, suggest that the hexaploid cytotype may also be strongly mycorrhizal dependent under natural conditions. Most of these species also possess little or no clonal growth and are thus, most likely, unable to compete with clonally reproducing grasses and sedges \[[@B65],[@B66]\]. It is also known that not only the presence or absence of AMF but also the diversity and identity of AMF are the determinants of plant diversity and community structure \[[@B11]\]. The fungicide might suppress certain AMF species on which rare plant species are specifically dependent, resulting in the extinction of rare plant species and a decrease in species richness.

Newsham et al. \[[@B67]\] found significant effects of fungicide application on root pathogens and AMF and a significant impact of root pathogenic fungi on plant performance. Thus, another explanation for the increased cover of graminoids could be the negative effect of the fungicide carbendazim on pathogenic fungi in the soil \[[@B4]\] or other components of the soil biota \[[@B26]\], which could result in increased plant growth. The enhanced growth of species less dependent on mycorrhizae (sedges and C3 grasses) could result from the suppression of pathogens. In contrast, the positive effect of release from pathogens on the more mycorrhiza-dependent species (perennial forbs) could be overwhelmed by the negative effects due to suppression of their symbiotic AMF. An increased dominance of graminoids in the community was evident as a result of the changed competitive balance. In contrast, Allison et al. \[[@B6]\], for example, did not find fungicide effects on the soil microbial community in their study.

Differences in plant species composition and number of species between plots with and without fungicide application are occasionally ascribed to increased soil nutrient availability caused by fungicide application \[[@B6],[@B68],[@B69]\]. For example, Allison et al. \[[@B6]\] found increased soil nitrogen content in fungicide-treated plots. They explained this result by citing the observation that the fungicide benomyl contains 19.3 % of nitrogen \[[@B70]\]. However, this effect of fungicide application is usually observed only if a high dosage of fungicide is applied. Such effects of benomyl, or the functionally identical fungicide carbendazim used in this study, are usually very small \[[@B69]\]. The only significant difference in soil chemical composition between plots with fungicide addition and the controls in our study was a slightly more acidic pH in the plots with fungicide application; no significant changes in nutrient concentrations were observed. Moreover, the effect of fungicide application on plant species composition and species richness was evident even after using pH as a covariate in the models.

Conclusions {#s5}
===========

The suppression of AMF using the fungicide carbendazim in the studied dry grassland resulted in substantial changes in plant species composition and a significant decrease in species richness. The only species to benefit from the fungicide application were graminoids - 2 dominant C3 grasses, *B. pinnatum* and *B. erectus*, and the sedge *Carex flacca*. These species appear to be less mycorrhiza dependent and are, most likely, able to compete effectively with more mycorrhiza-dependent perennial forbs due to their clonal growth and efficient nutrient usage. Our results thus suggest that AMF are an essential part of the soil communities supporting a high diversity of plant species in species-rich dry grasslands at nutrient-poor habitats. AMF are particularly important for the maintenance of the populations of perennial forbs, many of which are rare and endangered in the area. The high sensitivity of the system to the removal of AMF also suggests that the system is very sensitive to external interventions. Accordingly, it can be expected that the recovery of the plant communities after an external disturbance (e.g., tillage) that tends to disrupt of the AMF community will be extremely slow.
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